The development of natural plant extracts and essential oils will assist to decrease the negative effects of synthetic chemicals. The antifungal activity of 20 pure monoterpenes was assessed their efficacy against Botryosphaeria dothidea. 20 compounds were investigated the antifungal activity against B. dothidea at the concentration of 400 µgꞏmL -1 . And components were used to the future test, which of the antifungal rate is greater than 50% against B. dothidea. Results from antifungal tests revealed that cuminaldehyde, β-citronellol, nerol, geraniol, citral and α-terpineol exhibited strong antifungal effect against B. dothidea. In addition, the antifungal activity of cuminaldehyde, β-citronellol, and geraniol had a highest effect toward B. dothidea with LC 50 values of 105.15, 135.73, 132.69 µgꞏmL -1 , respectively. In addition to the antagonistic effect of geraniol/β-citronellol (1/2) mixture, the combination of other compounds has synergistic effect on B. dothidea. The present results indicated that cuminaldehyde, geraniol, and β-citronellol are promising antifungal effect against B. dothidea and could be useful in the search for new natural fungicide. Several high activity monoterpenes and some combined with two monoterpenes were identified, and provided a rationale for pursuing further research on the fungicide and enhanced efficacy by the combined of fungicide.
Botryosphaeria dothidea is an economically important pathogenic fungus in most tropical and warm temperate regions [1, 2] . This fungus has been reported to cause quarantine disease in hundreds of plant species in numerous countries, resulting in a yield losses of various crops and woody plants [3] . B. dothidea serves as the causal agent of serious plant diseases on fruit and forest trees, leading to tree death in some cases; examples of such plant diseases including ring rot, Botryosphaeria canker, white rot, dieback, gummosis, and stem scab [4] [5] [6] . The canker caused by this pathogen is characterized by the collapse of cortical cells and discolored areas on the bark [4] . This pathogen also commonly causes diseases and severe crop loss innumerous apple-and pear-growing areas, especially in warm and humid regions [7] .
Integrated control strategies utilized for the effective management of the fruit tree diseases caused by Botryosphaeria, these strategies collectively consider cultivar susceptibility, environmental conditions, tree management, and chemical applications [8] . Meanwhile, pesticides comprise essential agrochemicals that are widely used to control disease and pests for plant protection and decrease production losses [9] . Substantial pesticide use leads to the "3R-problem" of the environment. Scientists have formally identified and recorded 586 arthropod species and 235 fungi that exhibit resistance to at least one synthetic pesticide [10] . Currently, the continually declining agrochemical industry faces the challenge of finding and developing new pesticide and the accompanying high cost, whereas pesticide resistance increases. Therefore, studies should focus on developing alternative strategies for controlling B. dothidea.
To minimize the environmental and biological impacts of chemical products used in farming practices, the agricultural industry entails novel, efficient, safe, and environmentally friendly bioactive compounds from plants [11, 12] . A number of plant materials have shown effective antifungal and fungicidal properties, whereas numerous essential oils (EOs) and plant extracts have been extensively studied to determine their effects against various fungal species that are resistant or non-resistant to common pesticides and fungicides [12] [13] [14] [15] . Vieira et al. [15] [17] reported that the minimal inhibitory concentrations (MICs) of eugenol, cinnamaldehyde, thymol, and carvacrol declined with their combination. However, to our knowledge, no study reported the combined antifungal activities of cinnamaldehyde with β-citronellol or geraniol against B. dothidea.
In the present study, monoterpenes, such as alcohols, phenols, ketones, acetates and aldehydes, showed potential as natural fungicidal agents [14, 16] . This study appraised the biological activities of 20 monoterpenes (alcohols, acetates, and aldehydes) against B. dothidea. The present study aimed (1) to identify compounds with high activity against B. dothidea, and (2) to evaluate the combined antifungal activities of monoterpenes against this pathogen. In our study, we identify several high-activity monoterpenes and other compound types combined with two types of monoterpenes and provide a rationale for pursuing further research on the fungicides, as was enhanced by fungistatic combination.
Identification of high-activity compounds:
The antifungal activities of 20 compounds, including 11 alcohols, 3 aldehydes, and 6 acetate esters, were investigated against B. dothidea at a concentration of 400 µgꞏmL -1 . According to antifungal tests, among the 20 tested compounds, cuminaldehyde, β-citronellol, nerol, geraniol, citral and α-terpineol were the most active against B. dothidea. Their antifungal indices reached higher than 50% (Table 1) . Meanwhile, the other compounds showed lower activities, with the antifungal indices reaching lower than 42.82%. Fig 1) .
Antifungal effects of different combination groups:
Three combined compounds were studied to determine whether the combination of any two of the studied compounds exerted synergistic or antagonistic effects against B. dothidea. Table 3 presents the antifungal activities of 3 combined compounds against B. dothidea at 3 different proportions. In terms of the IC 50 values, the antifungal activities of the combined compounds were ranked as follows: A/B (93.76 µgꞏmL Table 3 ). The synergistic effects of the combined compounds were evaluated, and results showed their additive effects, except for that of B/C at 1:2 mixture ratio, which showed antagonistic effects against B. dothidea. The additive effect of the combined compounds of B/C reached 1.37 at 1:1 mixture ratio, followed by A/B (1.25, and 1.21 in 1:1) ( Table 4 , Fig 2) . However, the worst effect of the combined compounds was achieved by B/C at 1.37 of the SR values for the additive effect at 2:1 mixture ratio. [20] that (-)-aristolene, β-citronellol and geraniol was identified in Pelargonium graveolens. The EOs extracted from P. graveolens manifested potent antifungal activity against a series of fungal strains isolated from stored grains. Zhang et al. [14] discovered the desirable antifungal activities of β-citronellol and geraniol against Trametes hirsute, Schizphylhls commune, and Pycnoporus sanguineus. Sharma et al. [21] announced a study discussing the mechanism of geraniol against candidiasis to interfere with ergosterol biosynthesis and inhibition of the crucial PM-ATPase. The geraniol and β-citronellol obtained from the glandular secretions of leaf cutting ants (genus Atta) presented strong antifungal activities against Candida albicans [22] . These results indicated the potential use of cuminaldehyde, β-citronellol and geraniol as fungicides and insecticide in the near future. The combination of monoterpenes can exert synergetic, antagonistic, or additive effect on various target organisms [23] . Pei et al. [17] reported that the MICs of eugenol, cinnamaldehyde, thymol, and carvacrol decreased to 1/4 against E. coli by combination of these compounds. The combination of carvacrol, cinnamaldehyde, and thymol with mild heat treatment can effectively control the viability of Listeria monocytogenes [24] . In our study, various combinations of cuminaldehyde, geraniol, and β-citronellol showed additive effects, except for geraniol/β-citronellol at 1:2 mixture ratio, which presented antagonistic effects against B. dothidea. By comparing our results with those reported by Lee and Lee [25] that synergic behavior of olive leaf extracts, whereas the combined phenolics exhibited a strong antifungal activity than the individual phenolics. At 1:1 combination, Sinha and Gulati [26] observed the more effective synergistic effects of EOs from O. basilicum and O. sanctum against certain fungi than each oil alone.
In previous research, EOs components enhanced antimicrobial activities by combining with other antibacterial agents and various treatments [17] . By direct viable counting, Lachowicz et al. [27] reported the completely inhibited antimicrobial effect by 0.1% and 1% Anise oil, which were more effective than each oil alone against tomato juice medium. Pei et al. [17] observed that the combination of eugenol, cinnamaldehyde, thymol and carvacrol can effectively control E. coli. However, this type of research rarely focuses on the antifungal activity of EOs. In this paper, cuminaldehyde (aldehydes), geraniol and β-citronellol (alcohols) exhibited effective fungistatic activity against B. dothidea. The effects of cuminaldehyde, geraniol, and β-citronellol at different combinations were additionally effective comparison with those of each compound alone. Given the results of the present study, cuminaldehyde, β-citronellol, nerol, geraniol, citral and α-terpineol showed exhibit desirable antifungal activities against B. dothidea. Cuminaldehyde, β-citronellol, and geraniol can be potentially developed as new natural fungistatic agents. In our previous study, the synergistic effects of the combinations of these compounds were evaluated, and results showed that the additive effect, except for the B/C at a 1:2 mixture ratio, exhibited antagonistic effect against B. dothidea. These results can be used for selection plant EOs and provide fundamental basis for reducing the usage and improving the efficiency of antifungal agents. Antifungal assays: The method of Zhang et al. [14] was employed for antifungal valuation of 20 monoterpenes. Briefly, 400, 200, 100 and 50 µgꞏmL -1 of compounds were added to sterilize potato dextrose agar (PDA) in 9 cm Petri dishes. Fungicide stock solutions were prepared at a standard concentration of 100 µg/mL in analytical grade acetone. For liquid monoterpenes compounds, directly took a certain amount for experimental study. After fungal mycelia reached the edges of control plates (without adding compounds) by incubating at 26 ±1 o C for ca. 7 d, the experiments were performed in triplicate. The antifungal index was calculated as follows: Antifungal index (%) = (1-Da/Db) 100 where, Da = the diameter of growth zone in the experimental plate (cm), Db = the diameter of growth zone in the control plate (cm).
A combination testing: Combination testing was performed by the methods as previously described as 2.3. Components were used to the combination test, which of the fungal inhibition rate is greater than 50% against B. dothidea at the concentration of 200 µgꞏmL -1 . The proportion of the mixture is in accordance with 1:1, 1:2, and 2:1. Briefly, 400, 200, 100 and 50 µg/mL of compounds were added to sterilize potato dextrose agar (PDA) in 9 cm Petri dishes.
With reference to the method of wadley [28] X, Y= two kinds of single agent; x, y = the ratio of two kinds of single agent in the compound; IC 50 (th) = the theoretical value of IC 50 , and IC 50 (ob) = the practical value of the compounding agent. When SR > 1.5, the synergistic effect was observed. 0.5 ≤ SR ≤ 1.5 indicates that the mixture has the additive effect. When SR < 0.5, it indicated that the mixture had the antagonistic effect.
Data analyses:
All results were obtained from three independent experiments and expressed as mean ± SD (n= 3). Significant differences (P < 0.05) were determined by using the Tukey's HSD test.
